L
isteria monocytogenes causes a food-borne disease in humans and other mammals (28, 47) . The incidence of confirmed human cases in the United States is ϳ1,000 per year (1) , with 20% of clinical infections resulting in death (5) . Such a high mortality rate is unparalleled by any of the other more common bacterial gastrointestinal pathogens, e.g., Salmonella and Campylobacter (33) and is due to the fact that L. monocytogenes can cross the intestinal barrier and cause invasive disease in predisposed individuals, including pregnant women, newborns, and immunocompromised individuals (13) .
Internalin A (InlA), a bacterial cell wall surface protein that binds to E-cadherin (36) , induces internalization of L. monocytogenes into enterocytes at the tips of intestinal villi (39) , and is important for infection of liver and spleen after oral inoculation (30) . Despite the discovery of this molecular mechanism for breaching the intestinal barrier, several key questions about the pathogenesis of listeriosis after oral inoculation remain to be answered. It is unknown how L. monocytogenes disseminates from enterocytes to distant organs, whether dissemination to distant sites occurs during asymptomatic colonization, and whether bacterial replication in the small intestine is important for invasive disease.
Such studies may have been hampered by limitations of the oral inoculation model in the mouse, the predominant animal model for listerial pathogenesis (8) . The mouse is not a natural host for L. monocytogenes and often must be infected intravenously or intraperitoneally, routes that are not pertinent to foodborne infections in humans. These limitations are likely due to reduced affinity between InlA and murine E-cadherin (29) . Strategies to overcome these limitations by expression of human E-cadherin in transgenic mice (30) or mutation of InlA to improve interaction with murine E-cadherin (52) have improved the oral inoculation model but still require high infectious doses, suggesting that there may be additional differences in the enteral phase of listeriosis between mouse and human. We therefore turned to the guinea pig, which is highly susceptible to oral inoculation with L. monocytogenes (17, 44) and expresses E-cadherin with the same affinity to InlA as human E-cadherin (30) .
Bacterial pathogenesis is typically studied by determination of the bacterial load in specific organs and comparison of wild-type and mutant strains. However, this method cannot identify routes of dissemination in mammalian hosts. We have previously used two L. monocytogenes wild-type strains that differ in their antibiotic susceptibility to determine bacterial movement between maternal organs, the placenta, and fetus and to estimate organ specific replication and clearance rates (3) . Others have used signature-tagged clones of a given pathogen to explore population dynamics during infection (4, 16) . In the present study we used signature-tagged wild-type clones of L. monocytogenes in combination with extensive quantitative data analysis and mathematical modeling. From these studies we gained novel insights into the pathogenesis of food-borne listeriosis. We found that the liver became colonized in all animals, even though they continued to appear healthy. Dissemination to the liver occurred via two routes: a direct pathway from the intestine and an indirect pathway from the intestine via the mesenteric lymph nodes. The bacterial load in the liver was predominantly due to bacterial spread via the direct pathway. Furthermore, intestinal villi provided a (ii) Dissection of organs and tissues. At various time points postinoculation (p.i.), the guinea pigs were euthanized. The following organs and tissues were removed: the liver, spleen, mesenteric lymph nodes, villous small intestinal wall, and Peyer's patches. The guinea pig intestine is a large organ; the small intestine, cecum, and colon are approximately 125, 20, and 75 cm in length, respectively (10) . In order to determine whether L. monocytogenes preferentially colonizes any part of the guinea pig intestine, we divided the entire intestine in ϳ30-cm pieces and cultured the intestinal pieces and their luminal contents. At 4 h and 1 day after inoculation, the small intestine was colonized most heavily (data not shown). We used 30 cm of the small intestine proximal to the ileocecal valve for all subsequent experiments. This section of the small intestine also contains Peyer's patches, which were cultured separately.
(iii) Enumeration of CFU in organs and tissues. All samples were weighed and homogenized in 0.2% NP-40. The entire homogenate or aliquots were plated on BHI agar plates with 200 g of streptomycin/ml to enumerate bacterial load per organ. In general, the entire homogenate was plated for the small organs and tissues (spleen, mesenteric lymph nodes, and Peyer's patches), and aliquots were plated for the large organs and tissues (liver and villous small intestinal wall). The remainder of the liver and villous small intestinal wall homogenates was inoculated into BHI broth with 200 g of streptomycin/ml. After enumeration of the CFU/ organ for the spleen, mesenteric lymph nodes, and Peyer's patches, all colonies were scraped off the BHI agar plates and inoculated into BHI broth with 200 g of streptomycin/ml. Thus, we should have detected each colony in the spleen, mesenteric lymph nodes, and Peyer's patches and identified each clone present in all of the organs unless there were bacteria that were not able to grow on agar plates or in broth culture after organ homogenization and plating. However, loss of bacteria due to such processing should be the same for homogenates from all organs. Broth culture from organ and tissue homogenates were used to prepare genomic DNA for further quantitative real-time PCR (qPCR) analysis. For some organs and tissues, L. monocytogenes only grew in the broth cultures, and we identified the STs by using qPCR. The presence of one ST suggested that at least one CFU of that ST was present in that organ. Therefore, we calculated the minimum CFU/organ by counting the number of distinct STs present in that organ.
(iv) Luminal contents. We removed 4 g of stool from the rectum as well as the small intestinal contents. To distinguish between L. monocyto- (5=-3=)  ST-specific primer sequence (5=-3=)   T6  CCATAGCTACCACACGATAGCTCCCCCTAGCCCCCTACAC  CTAGCCCCCTACACGCTAT  T11  CGGGGTGGTGTGTGGGAGGTTTAGAGGTTTATTTCGTGTG  GAGGTTTATTTCGTGTGGAC  T58  CGCAAAATCACTAGCCCTATAGCGACCCCTCTACCCCAAC  GACGTCCGCAAAATCACTAG  T102  AACCATAGCGATATCTACCCCAATCTCTCGCCCCCTCTAC  CGATATCTACCCCAATCTCTC  T116  GGATGGCGGAGATGGAGCTCTTGGGTGCTCTTGCGGTTG  GGAGATGGAGCTCTTGGGT  T119  CGCCCCCTCCCCACATAAAGAGAGCTAAACAAAAACATCA  ATAAAGAGAGCTAAACAAAAACATC  T168  ATATAACAATCCCTAGCCCCCTATCCAGCCATCTCTCCCC  GACGTCATATAACAATCCCTAG  T191  AACTACCGCAAACGCTCGCTAAAAACATCCATATCTAAC  GACGTCAACTACCGCAAACG  T205  CCCCCGCTACCCTGATATCCCCCTTTCCGCTCTCTAGCA  GCTACCCTGATATCCCCCT  T209  TTATGGGTAGAGCGAGATTGTGCTATTGCTAGAGTGATAG  ATTGCTAGAGTGATAGGCTATT  T210  GGAGCGGGATGGAGCGTTGTGGCGGGCTCTAGATCGGGTG  TTGTGGCGGGCTCTAGATC  T211  GGAGAGCGGTCGCTTTATAGCGATTTATATATATCTAGTT  GGTCGCTTTATAGCGATTTATA  T219  CCCTAAAACCCTACAGCAATCACGATATACCGCTCCCGAC  CTACAGCAATCACGATATACC  T231  CTAAAGCACTCTAGCCCGAGAGATCCCAACATCACGCGAC  GACGTCCTAAAGCACTCTTAG  T234  AACCCCCGAACCAGCCAGCACTCCGATATATCTCACCAACC  CAGCCAGCACTCCGATATAT  T242  ATTTCGATGTATATATGTAGCGATAGGGGTGTCGCTTTAG  ATTTCGATGTATATATGTAGCGA  T288  CTATCCAACTAGACCTCTAGCTACATCGCTCACTACCCCC  CTAGACCTCTAGCTACATCG  T295  ACACCTACATCAAACCCTCCCCAGAGAAAGATAAACCTCC  GACGTCACACCTACATCAAAC  T296  GTGGATAGTGAGGGCGGGCGAGAGCTTGCTTGCGCGAGTG  GACGTCGTGGATAGTGAGG  T297 GATCCGTCGCCAAATCGAGTCAGAGGTCTAGCTATCGCGACACTG CGAGTCAGAGGTCTAGCTAT a ST, signature tag.
genes in the small intestinal lumen versus the wall, we washed the small intestine with PBS four times and then cultured the intestinal wall, the first wash, and the fourth wash separately. Culture from the first wash (small intestinal wash) was used for further analysis. Culture from the fourth wash did not grow L. monocytogenes and was discarded (data not shown) but confirmed that culture from the intestinal villi and Peyer's patches originated from bacteria that were either attached to or had invaded these tissues. The entire sample of stool and intestinal wash was inoculated into broth culture. We determined the presence of clones but were unable to enumerate CFU in stool and wash due to difficulties with contamination. We tried different selection media and antibiotic combinations but were unable to identify a condition that would allow us to enumerate CFU of L. monocytogenes in stool and wash without any doubt. It is important to note that the intestine of guinea pigs differs from mouse. Guinea pigs have a very large cecum, which is full of stool and bacteria. We are inoculating guinea pigs (weight, ϳ1 lb) with a relatively small dose of L. monocytogenes (10 8 CFU/animal). In comparison, most experiments in the murine model of listeriosis use 10 8 CFU/animal, but the weight of a mouse is only ϳ20 g (ϳ20-fold lower than that of a guinea pig). Obviously, the murine intestine is much smaller than the guinea pig intestine and contains fewer microbes than the guinea pig. Therefore, it is easy to determine CFU/stool in mice because L. monocytogenes takes over but not in guinea pigs. DNA purification and qPCR. Chromosomal DNA was purified from bacterial cultures from the inoculum (input pool) and organs, tissues, and luminal contents (output pools) using an Epicentre Gram-positive DNA purification kit (Epicentre Biotechnologies), substituting lysozyme with mutanolysin (5 U/l; Sigma). Bacterial genomic DNA from the input pool was used for standard curves for each ST in each experiment. All qPCRs were performed in a Stratagene Mx3000P qPCR machine and analyzed using MxPro software (Stratagene). qPCRs were 20 l in volume and contained 10 l of Platinum SYBR green 2ϫ reaction mix (Invitrogen), 10 M ST-specific primer (Table 1) , and 10 M reverse primer (pPL2-359R [CTTAATGAATTACAACAGTACTGC]), 40 ng of chromosomal DNA, and nuclease-free water. Standard curve reactions were identical except for the amount of chromosomal DNA (200, 20, 2, or 0.2 ng per reaction). All cycling conditions were as follows: 50°C for 2 min; 95°C for 2 min; 40 cycles of 95°C for 15 s and 55°C for 1 min; followed by 95°C for 1 min, 55°C for 30 s, and 95°C for 30 s.
Determination of the presence of STs by qPCR. The qPCR value had to fulfill all of the following conditions for an ST to be determined as present. (i) The qPCR value for each ST had to be above a minimal cutoff, which was calculated based on negative control reactions (see below). (ii) The sum of the qPCR values in each organ of each animal had to be Ͼ1 to account for the possibility of additional low levels of nonspecific crossreactivity of STs against other sources of contaminating DNA from other microbes or the host. (iii) Finally, the stringency (see below) had to be Ͼ0.02.
Negative control reactions. A specific primer was used on a mixture of chromosomal DNA from all clones, excluding the ST clone for which the specific primer was designed. We performed two to five such reactions for each ST and used twice the highest nonspecific value as the minimal cutoff. The minimal cutoff for T205 was calculated based on the qPCR signal for T6 in each reaction because T205 specifically cross-reacted with the sequence of T6 in a concentration-dependent linear manner.
Calculation of CFU/clone and definition of stringency. CFU/clone was calculated based on the relative qPCR values for each of the STs in an organ and the enumerated total CFU in that organ. Because the total number of clones per organ influenced the proportion of STs, we calculated the "stringency" of the qPCR signal as follows: stringency ϭ the proportion of qPCR signal for an ST ϫ the number of all STs present in this sample. We next plotted the stringency per clone versus the CFU/ clone and found that all clones with CFU/clone values Ͻ0.25 had stringencies of Ͻ0.02, so we used this as our additional cutoff criterion, because it seemed very unlikely that a clone with a CFU of Ͻ0.25 was actually present.
Determination of the presence of STs via sequencing. For some organs individual colonies were picked, and the presence of the ST was confirmed by sequencing. To amplify the ST in the individual colony, we performed colony PCR as follows. Single colonies were sterilely removed from the plate and completely resuspended in 20 l of sterile water. Then, 1 l of this resuspension was added to a PCR containing 10 M concentrations of each primer (pJM1-2374 [TCGCCGACATCACCGATGG] and pPL2-359R [CTTAATGAATTACAACAGTACTGC]), 0.4 mM deoxynucleoside triphosphates, 0.4 l of Taq polymerase (Qiagen), 2 l of Taq buffer, and water for a total volume of 20 l. All cycling conditions were as follows: 94°C for 5 min, followed by 34 cycles of 94°C for 1 min, 55°C for 2 min, and 72°C for 2 min. All PCRs were prepared for sequencing by treatment with ExoSAP-IT (GE Healthcare) according to the manufacturer's protocol. Treated PCRs were used directly for sequencing reactions with the ST sequencing primer pJM1-2901 (GCGCATTGTTAGA TTTCATAC). All sequencing was conducted at the University of California DNA Sequencing Facility.
Calculation of the bottleneck for intestinal villi and Peyer's patches. The total inoculum was 10 8 CFU. We determined the CFU in the distal 30 cm of the small intestine and found an average CFU of 34 (range, 12.1 to 51.08) at 4 h p.i. The average gastric emptying time in guinea pigs is 2 h (24), and therefore we assumed that the inoculum arrived at the sampled region of the small intestine at 2 h p.i. This leaves only another 2 h during which the bacteria could have replicated, and we therefore assumed that bacterial replication was insignificant during this period. The average length of the entire small intestine is 125 cm (10), and we assumed that bacteria invade the entire length of the small intestine at equal rates. Therefore, the entire small intestine consisted of 4.17 of equal 30-cm sections. From this we could estimate that of 10 8 bacteria, 34 ϫ 4.17 entered the entire small intestine, giving the result that 10 8 /142 ϭ 7 ϫ 10 5 or ϳ10 6 bacteria are required for one bacterium to invade any part of the intestinal villi.
Guinea pigs have on average six lymphoid follicles (including Peyer's patches) along the entire length of the small intestine (31) . We found an average CFU/three Peyer's patches at 4 h p.i. of only 3.5 (range, 2 to 5). Using the same assumptions about gastric emptying time and replication as described above, we could calculate that 10 8 /(2 ϫ 3.5) ϭ 1.4 ϫ 10 7 or ϳ10 7 bacteria are required for one bacterium to enter any lymphoid follicle in the small intestine.
Calculation of the contribution of direct and indirect pathway to CFU in the liver. We used the first-order rate constants for bacterial replication, clearance, and efflux that had been previously estimated for the liver and spleen in the case of intravenous L. monocytogenes infection (3). We assumed that the first-order rate constants remained fixed throughout the first 72 h p.i. and that the influx rate constants from the blood into both, liver and spleen via the indirect pathway were equal. The following equation represents the rate of change in the number of CFU in the spleen (S): dS/dt ϭ k sr ϫ S -k sc ϫ S -k se ϫ S ϩ k si ϫ B, where k sr and k sc were the rate constants for bacterial replication and clearance in the spleen, and k se was the rate constant for bacterial efflux that left the spleen and entered the bloodstream. The influx of bacteria into the spleen was denoted by the rate constant k si and was a function of the number of bacteria in the systemically circulating blood (B). Since we used the values for the first three rate constants from Bakardjiev et al. (3) , this equation simplified to: dS/dt ϭ Ϫ0.13 ϫ S ϩ k si ϫ B. In the liver the rate of change of CFU that can be attributed to the indirect pathway was dL indirect /dt ϭ Ϫ0.02 ϫ L indirect ϩ k li ϫ B, where k si ϫ B ϭ k li ϫ B because we are assuming that clones in the blood have equal access to both organs. Therefore, if we knew the value of k si ϫ B at each time point and the time at which the first bacterium entered the liver, we could calculate the initial dL indirect /dt and thus recalculate L indirect and dL indirect /dt at each successive time point.
In order to estimate the k si ϫ B, we first needed to know when, on average, bacteria began entering the spleen. Bacteria were in the spleen at 48 h but not at 24 h p.i. Therefore, infection of the spleen occurred be-tween 24 and 48 h p.i. We assumed that bacteria move from mesenteric lymph nodes into the blood and, once in the blood, circulate throughout the body and are able to seed the spleen immediately. The mesenteric lymph nodes contained one clone with 700 CFU and another clone with 500 CFU at 24 h p.i., neither of which was present in the spleen. This suggested that clones in the mesenteric lymph nodes could disseminate into the spleen once the CFU/clone count in the mesenteric lymph nodes was Ն500. Presumably, the substantial increase in the bacterial load in mesenteric lymph nodes from an average CFU/clone of 131 to 1,188 between 24 and 48 h p.i. occurred in superlinear fashion. Therefore, we estimated that dissemination from mesenteric lymph nodes into the bloodstream occurred approximately three-quarters into the 24 to 48 h p.i. time interval, or at 42 h p.i.
Based on our knowledge of the average CFU/clone in the spleen at 42, 48, and 72 h (0, 5, and 54 CFU/clone, respectively), we calculated the values for k si ϫ B required to produce the observed rate of change of CFU/clone in the spleen at these time points. Since we do not directly know the behavior of k si ϫ B over time, we simulated different possible properties for k si ϫ B: (i) that k si ϫ B stayed constant, (ii) that k si ϫ B increased linearly, or (iii) that k si ϫ B increased exponentially. For all three cases, we calculated k si ϫ B using estimates for linear or exponential coefficients such that the calculated CFU/clone was similar to the experimentally enumerated CFU/clone in the spleen at 48, and 72 h p.i. (within 3%). Since k li ϭ k si , we used the same value of k si ϫ B to calculate L indirect at 48 and 72 h p.i. Regardless of which of the three cases we used, the resultant estimates for L indirect were very similar, within a few CFU of each other.
Now we knew the L indirect at each time point. Clones that were present in both the liver and spleen (L LandS ) may have reached these organs via the indirect pathway but also may have traveled to the liver directly (via the hepatic portal). Thus, L LandS is an amalgam of both direct and indirect pathways. On the other hand, the many more clones present in the liver but not the spleen (L LnotS ) must have reached the liver via the direct pathway only. Thus,
where L sum is the sum of the averages of both pathways. We could therefore use the clonal data for L LnotS and L LandS , together with the estimated L indirect , to calculate L direct and L sum at each time point (see Fig. 5 ).
Approvals by institutional review boards. All animals were housed and handled in accordance with federal and institutional guidelines. The animal use committees at the University of California, Berkeley, and the University of California, San Francisco, approved the animal protocol describing our studies.
RESULTS
Oral inoculation of guinea pigs with L. monocytogenes. The goal of this study was to characterize the kinetics of colonization, to define the bottlenecks to invasion and spread, and to determine the routes of systemic dissemination after ingestion of L. monocytogenes. For this purpose, we constructed 20 uniquely tagged wildtype L. monocytogenes strains ( Fig. 1A ; see also Materials and Methods), which were equally virulent in a murine model of listeriosis (data not shown). These clones were distinguished by qPCR detection of their unique signature tag (ST). We orally inoculated guinea pigs, a host that is naturally susceptible to listeriosis (17) , with a total of 10 8 CFU, consisting of a mixture of the 20 signature-tagged clones at equal ratios. All of the animals continued to appear healthy after bacterial inoculation and cleared the infection over the course of 2 weeks. We analyzed the bacterial colonization of liver, spleen, mesenteric lymph nodes, intestinal villi, small intestinal wash, stool, and Peyer's patches at specific time points as early as 4 h and until 14 days postinoculation (p.i.) ( Fig. 1B and Table 2 ). We assessed the following metrics: (i) the percent colonization of each organ, (ii) the total CFU per organ, (iii) the percentage of inoculated clones from all animals at each time point that were recovered from each organ, and (iv) the CFU/ clone to determine the absolute size of each individual bacterial population in each organ at any given time point. In addition, we calculated the percentage of clones that were shared between two organs, for example, the number of clones detected in spleen that were also present in mesenteric lymph nodes. These results allowed us to make conclusions about the directionality of bacterial movement between tissues. L. monocytogenes disseminates to the liver and spleen. L. monocytogenes is an important human pathogen because it has the ability to cross the intestinal barrier and cause invasive disease (13) . In intravenous inoculation models, Ͼ90% of bacteria are rapidly taken up by the liver and spleen (2), and therefore the bacterial load in liver and spleen has been used for decades as a representation of bacterial virulence (40) . We wanted to determine whether and when liver and spleen become colonized after oral inoculation with L. monocytogenes in guinea pigs. All animals developed infection of the liver while appearing healthy ( Fig. 2A) . Two animals (29%) had colonization of the liver as early as 4 h p.i. with a small number of bacteria; we estimated a minimum of 2 CFU per liver, because of the number of clones we detected (see Materials and Methods) (Fig. 2B) . At 12 h p.i., no animals displayed liver colonization. This may indicate clearing of initial colonization, as observed with Yersinia pseudotuberculosis in mice (4) , but the number of guinea pigs in our study was too small for clearance at 12 h to be statistically verifiable. Between 12 h and 2 days p.i. the percentage of infected livers increased sharply ( Fig.  2A) , the median CFU in the liver rose from 0 to 92 (Fig. 2B) , and the bacterial load remained around 100 CFU until day 7 p.i. Between 7 and 10 days p.i. the median CFU in the liver increased from 1.4 ϫ 10 2 to 7.4 ϫ 10 4 before it was reduced to less than 4 CFU per liver by day 14 p.i.
The number of clones recovered from the liver increased from 3 and 0% at 4 and 12 h, respectively, to 23% at 2 days p.i. (Fig. 2C) , indicating that bacteria are arriving in the liver over this time period. Between 2 and 7 days p.i., the median CFU and the percentage of recovered clones remained at similar levels, suggesting that bacterial increase due to influx and replication versus bacterial elimination due to clearance and efflux had reached a steady state. During this time period bacterial influx had either ceased or clones already present in the liver were reinfecting this organ. Between 7 and 10 days p.i. the number of clones recovered from the liver decreased from 22.5 to 16.7%, while the median CFU increased ϳ1,000-fold (Fig. 2C) . Thus, while clones in the liver were eliminated, a subset of clones already present in the liver was able to increase in numbers. It seems unlikely that this increase was due to influx because the bacterial load was decreasing in all other organs that we tested. We noticed that in contrast to other organs and previous time points the liver contained macroscopically visible abscesses on day 10 p.i. It is possible that while infectious foci were walled off and clones were eliminated in these abscesses, some bacteria were also able to replicate temporarily within the abscesses before being cleared by 14 days p.i. (Fig. 2B) .
In contrast to the liver, the spleen was the last organ to become colonized at 2 days after ingestion, and not all animals developed spleen infection ( Fig. 2A) . Once infected, the median bacterial load in infected spleens between 2 and 7 days p.i. was ϳ10, which was ϳ10-fold lower than the bacterial load in infected livers (compare Fig. 2B and D) . Since the weight of the spleen is ϳ10-fold lower than the weight of the liver, the detection of CFU/g organ were similar in both organs (data not shown). The spleen contained fewer clones than liver at all time points (Fig. 2C) .
Routes of dissemination differ for liver and spleen. Lower infection rates and fewer clones in the spleen in comparison to the liver could be due to organ-specific differences in bacterial replication, elimination, or influx (3). What are the possible routes L. monocytogenes could take to reach liver and spleen after ingestion? Pathogens are known to disseminate via the lymphatics (mesenteric lymph nodes and thoracic duct) into the systemic circulation and reach the liver and spleen via the hematogenous route (35) . However, the liver has an additional circulation system: nutrientrich blood from the intestine flows directly to the liver via the portal vein. Thus, the liver could be reached by two routes: (i) a direct pathway, by which bacteria can reach the liver from the small intestine via the portal vein, and (ii) an indirect pathway, by which pathogens can gain access to the systemic circulation via the mesenteric lymph nodes (Fig. 3A) . In contrast, the spleen can only be colonized via the indirect pathway. Our finding that the liver contains a higher percentage of inoculated clones than the spleen at all time points (Fig. 2C) suggests that the direct pathway contributes significantly to colonization of the liver. Consistent with our model that the spleen is preferentially seeded via the indirect pathway, we found a strong correlation between clones present in the spleen and mesenteric lymph nodes: 85% of the clones present in the spleen were also found in mesen- Table 2 ). Liver (green triangles) and spleen (blue circles) were cultured, and the presence of clones was determined by qPCR. teric lymph nodes on days 2 and 3 p.i. (Fig. 3B) . A high percentage of clones present in liver was also found in mesenteric lymph nodes (Ͼ90% on days 2 and 3 p.i. [data not shown]). Unfortunately, this did not elucidate pathways of dissemination from the intestine to the liver, because once mesenteric lymph nodes were seeded it was no longer possible to differentiate which clones went directly to both liver and mesenteric lymph nodes versus only indirectly to the liver via the mesenteric lymph nodes (Fig. 3A) .
Clones that spread beyond mesenteric lymph nodes have to reach the systemic bloodstream and from there settle in the liver and spleen. We have found previously that intravenous injection of L. monocytogenes in guinea pigs leads to seeding of liver and spleen at equal ratios at 30 min p.i (2) and that the rate constants for total bacterial influx (extra-and intracellular bacteria) are the same for the liver and spleen (3). Thus, dissemination via the indirect pathway should lead to seeding of both the liver and spleen. Therefore, we predicted that clones present in the spleen should also be present in the liver, but not vice versa, because the liver can receive clones by an additional direct pathway. Indeed, 95% of the clones present in spleen were also in the liver, but only 18% of clones in the liver were found in the spleen on days 2 and 3 p.i. (Fig. 3B ). This alternate route may explain why the liver always contains more clones than the spleen (Fig. 2C) . Between days 2 and 10 p.i., when both organs were colonized, Ͼ75% of all of the clones present in the liver were absent from the spleen (Fig.  3C ). These clones represent influx via the direct pathway. In contrast, Ͻ26% of all of the clones that were present in the liver were also present in the spleen. This latter group of clones could have trafficked to the liver via both the direct and the indirect pathways and therefore represents a maximal estimate of the contribution of the indirect pathway to dissemination to the liver. These results are consistent with a major contribution of the direct pathway to liver colonization. Furthermore, if bacteria in the liver could spread back into the systemic circulation and from there into the spleen, we would expect to see the percentage of clones that are present in the liver and also in the spleen increase significantly during the course of infection. Instead, our data suggest that the liver is effective at preventing further bacterial spread.
Mesenteric lymph nodes represent a bottleneck for spread via the indirect pathway. In order to further determine the role of each pathway for dissemination to the liver, we first characterized the indirect pathway by comparing infection of the mesenteric lymph nodes and spleen. Colonization of the mesenteric lymph nodes was detectable at 12 h p.i., and all of the guinea pigs had infection of mesenteric lymph nodes by day 3 that persisted until at least 10 days after inoculation (Fig. 4A) . Peak median total CFU/organ was 6.7 ϫ 10 3 on day 2 p.i. (Fig. 4B) . In contrast, the percentage of spleen infection never reached 100% and was lower than mesenteric lymph node colonization at all time points, suggesting a bottleneck for bacterial trafficking between mesenteric lymph nodes and spleen (compare Fig. 2A and 4A ). This was further corroborated by the finding that the spleen had fewer clones than the mesenteric lymph nodes at all time points during infection (compare Fig. 2C and 4C) .
The percentages of clones that were present in mesenteric lymph nodes and also in the spleen were 11.1% (7/63) and 13% (13/100) at 2 and 3 days p.i., respectively. This suggests that only ϳ12% of clones from mesenteric lymph nodes reach the spleen. To further quantify the bottleneck between the mesenteric lymph nodes and spleen, we determined the average CFU/clone in these organs (Fig. 4D) . The average CFU/clone in mesenteric lymph nodes were ϳ10 2 and ϳ10 3 at 1 and 2 days p.i., respectively. Initial colonization of the spleen occurred during this time period ( Fig.  2A) , suggesting that the bottleneck between mesenteric lymph nodes and spleen is ϳ1 bacterium in 10 2 to 10 3 .
On days 2 and 3 p.i., 4/11 and 5/13 spleens were infected with a total number of 7 and 13 clones, respectively, translating to and average of 1.75 (range, 1 to 3) and 2.6 (range, 1 to 5) clones per infected spleen ( Fig. 2A and C) . The average CFU/clone in the spleen were 5 and 54 on days 2 and 3 p.i., respectively (Fig. 4D) . Thus, there were only 6 new clones in spleen on day 3 p.i., but 49 new CFU/clone. Based on our previously published model, the spleen has a negative net rate of replication, clearance, and efflux (3). In general, about one in every 7.7 CFU would be eliminated/ hour. Therefore, any increase in the bacterial load in the spleen must be due to bacterial influx. This suggests that the clones detected in the spleen were due to multiple infections with the same clone. Between 2 and 3 days p.i. at least 50 CFU of the same clone trafficked from the mesenteric lymph nodes to the spleen since some bacteria that got into the spleen would have been eliminated and other bacteria that got into the blood would have been taken up by the liver at equal rates (2, 3) .
The bacterial load in the liver depends largely on bacterial influx via the direct pathway. As described above, the direct pathway contributes significantly to liver colonization during the entire course of infection, based on the percentage of clones in liver that are absent from spleen (Fig. 3C) . However, we wanted to further quantify the relative contribution of each pathway to the bacterial load in the liver. We calculated the CFU/clone in the liver due to influx from direct and indirect pathways. These calculations were based on experimentally determined average CFU/ clone in the spleen (indirect pathway), previously determined rate constants for bacterial replication, clearance, and efflux in liver and spleen (3), the resultant calculated influx rates into the spleen, and the assumption that the influx rate constants into liver and spleen via the indirect pathway are equal (see Materials and Methods). We found that the bacterial load in the liver during the first 3 days p.i. was almost entirely due to bacterial influx via the direct pathway (Fig. 5) .
As in the spleen, the net bacterial rate for replication, clearance, and efflux in the liver is negative (3). Therefore, any increase in bacterial load in the liver should be due to influx. Influx via the direct and indirect pathways originates in the intestine. Therefore, we decided to analyze infection in the intestine and how it contributes to bacterial dissemination.
Intestinal villi provide a niche for bacterial replication. L. monocytogenes invades enterocytes of the small intestine at the villous tips via the interaction of InlA with E-cadherin (36, 39), and it has been shown that InlA is important for infection of the liver after oral inoculation (30) . Thus, we determined colonization of the distal 30 cm of the villous small intestinal wall, which represents one-fourth of the entire small intestine of the guinea pig (10) , and which we refer to as intestinal villi. At 4 h after ingestion, 43% of the animals had evidence of infection of intestinal villi (Fig. 6A ). This number increased steadily and reached Table 2 for the number of animals at each time point. (C) Percentage of inoculated clones from all animals at each time point that were recovered from SI at specified times p.i. Gray boxes represent a break in the values on the x axis. 100% on day 7 p.i. The median bacterial load in the intestinal villi rose Ͼ100-fold between 4 h and 1 day p.i. to 2 ϫ 10 4 and was followed by a plateau, before the bacterial burden decreased after day 7 p.i., resulting in clearance from intestinal villi by day 10 p.i. (Fig. 6B) . The percentage of inoculated clones recovered from intestinal villi was only between 8 and 27.5% between 4 h and 7 days p.i. (Fig. 6C) , suggesting a bottleneck between intestinal lumen and colonization of intestinal villi. We calculated that ϳ10 6 bacteria were required for one bacterium to invade any part of the intestinal villi (see Materials and Methods).
Comparison of the bacterial load and the percentage of clones in intestinal villi suggested significant bacterial replication in intestinal villi during the first day after inoculation. The median bacterial load in intestinal villi increased Ͼ100-fold between 4 h and 1 day p.i. (Fig. 6B) . The bacterial load in each organ is determined by bacterial replication, clearance, influx and efflux. Since the percentage of clones did not change significantly (16% at 4 h and 20% at 1 day p.i.) (Fig. 6C) , we concluded that there was no significant influx of additional clones from the initial inoculum into intestinal villi after 4 h p.i., which also suggested that the initial inoculum had been mostly cleared from the small intestinal lumen by 4 h p.i. Therefore, the observed increase in the bacterial load was largely due to bacterial replication of clones that were able to invade intestinal villi by 4 h p.i. This is in contrast to the situation in liver and spleen, where the number of bacteria would decrease without any additional influx.
We observed an increase in the percentage of clones recovered from intestinal villi from 19 to 27.5% between days 3 and 7 p.i. (Fig. 6B) . One possible explanation for this observation is spread of clones from the liver back to the intestine. Indeed, it has been reported previously that L. monocytogenes is excreted in the bile of systemically infected mice (7, 20) . We could not detect L. monocytogenes in the bile of guinea pigs inoculated with 10 8 CFU over the entire time course of infection (data not shown). However, we were able to detect L. monocytogenes in the bile of some guinea pigs inoculated orally with a 1,000-fold-higher infectious dose (data not shown). This suggests that excretion of L. monocytogenes into the intestine via the bile is possible in guinea pigs but may occur intermittently, thus making it difficult to detect bacterial colonization of the bile.
Bacteria from intestinal villi are shed into the intestinal lumen. It is generally accepted that InlA-dependent enterocyte invasion is the first step in crossing the intestinal barrier, but the cellular mechanisms of dissemination from enterocytes to distant organs are unknown. L. monocytogenes could use cell-to-cell spread from infected enterocytes to reach deeper layers of intestinal villi. However, our previous work on infection of human placental organ cultures demonstrates that the basement membrane underlying an epithelial surface constitutes a very good barrier against bacterial cell-to-cell spread (46) . We reasoned that it is unlikely that cell-to-cell spread from infected enterocytes to cells in the lamina propria is a significant route of dissemination. What are other possible routes for bacterial dissemination from the small intestine? One possibility is via trafficking inside of infected host cells, such as infected leukocytes from Peyer's patches or the lamina propria (37, 43, 44) . Colonization of intestinal villi could therefore serve as an important niche for L. monocytogenes in which bacteria replicate and then are shed into the intestinal lumen and subsequently reinfect susceptible cells that disseminate to local lymphatic and distant organs.
To determine the role of bacterial shedding in the pathogenesis of listeriosis, we analyzed the presence of L. monocytogenes in the intestinal lumen. We determined the number of clones present in the small intestinal wash of the distal 30 cm of small intestine. This is the region that we used for analysis of infection of intestinal villi, and therefore we reasoned that the wash of this section could contain both the clones that had the opportunity to invade enterocytes as well as clones that have been shed from intestinal villi back into the lumen. In addition, we determined the presence of clones in fecal samples from the distal large intestine. These samples should initially include all of the clones from the oral inoculum that have passed through the entire gastrointestinal tract, while later in infection, only clones that have been shed back into the intestinal lumen from the entire small intestinal wall should be present.
The bacterial dynamics in small intestinal wash and stool differed significantly. All infected animals excreted L. monocytogenes in the stool as early as 4 h after ingestion (Fig. 7A) , indicating that L. monocytogenes passed rapidly through the gastrointestinal tract. After 12 h p.i., the percentage of animals with fecal excretion of L. monocytogenes decreased steadily. In contrast, the small intestinal wash contained L. monocytogenes in only 29% of animals at 4 h p.i. (Fig. 7A) . This percentage increased until day 7 p.i., when 100% of animals contained L. monocytogenes in the small intestinal wash, demonstrating that L. monocytogenes can persist and replicate in the gastrointestinal tract. L. monocytogenes was cleared from both luminal locations by 10 days p.i., correlating strongly with the observed timing of bacterial clearance in intestinal villi (Fig. 6A) . The differences in bacterial presence between small intestinal wash and stool were even more pronounced when we compared the percentage of inoculated clones that were recovered. During the first 12 h 98% of clones were detected in the feces but only 21 to 30% past this point (Fig. 7B) . In contrast, only 8% of clones were found in the wash at 4 h p.i. (Fig. 7B ). This percentage increased and was similar to the percentage of clones recovered from the stool after 12 h p.i. These findings suggest that the clones isolated from the stool at 4 and 12 h p.i. represented the initial inoculum, which was cleared from the colon between 12 h and 1 day p.i. by fecal excretion. We hypothesized that only a subset of clones from the initial inoculum is able to invade enterocytes due to the intestinal bottleneck. After replication in this niche, bacteria are shed continually into the wash, beginning at 12 h p.i. until colonization of intestinal villi has cleared.
If this hypothesis were true, we would expect that clones present in intestinal villi early after infection should strongly correlate with the clones in the stool, because the stool contains all of the clones that were represented in the initial inoculum (Fig. 7B) . In contrast, the small intestinal wash should contain none or very few of the clones present in intestinal villi, because the villous intestinal clones need time to replicate before being shed back into the wash. The small percentage of clones in the small intestinal wash early in the course of infection (8 and 11% at 4 and 12 h, respectively [ Fig. 7B] ) may represent residual clones from the initial inoculum or clones that have already been shed from intestinal villi into the lumen. However, once the initial inoculum has been cleared by excretion into the stool, the clones in wash and stool should all be shed from intestinal villi, and therefore the same clones would be present in all three locations.
Indeed, as expected, at 4 h p.i. 100% of the clones present in the intestinal villi were also in the stool. In contrast, at the same time, none of the clones present in the intestinal villi were in the small intestinal wash (Fig. 7C) , suggesting that the 8% of clones in the small intestinal wash at 4 h p.i. were residuals from the initial inoculum. At 12 h p.i., the stool still contained the entire inoculum and, as expected, the percentage of shared clones between intestinal villi and stool was high. The small intestinal wash contained 11% of inoculated clones, and the percentage of shared clones between intestinal villi and wash increased to 50%. On day 1 p.i., after the number of clones in the stool dropped from 98 to 29% (Fig. 7B) , the percentage of clones shared among all three intestinal locations increased to Ͼ80%, a finding consistent with our hypothesis that once the initial inoculum has cleared, the clones in the intestinal lumen (wash and feces) originate from the intestinal villi. The percentage of shared clones between all three locations remained high (80 to 90%) on days 1 to 3 p.i. On day 7 p.i., the percentage of shared clones between all three compartments declined to 55 to 73%, most likely reflecting different rates of growth and elimination in each location.
Bacterial replication in intestinal villi is important for shedding. We noted that the average CFU/clone for clones that were present in both the intestinal villi and the wash was significantly higher than the average CFU/clone for clones that were present in intestinal villi but absent from the wash (Fig. 7D) . This difference ranged between 2-and 30-fold between 12 h and 3 days p.i. and was statistically significant on days 1 and 2 p.i (Wilcoxon ranksum P values: 12 h, Ͻ0.16; 1 day, Ͻ0.0008, 2 days, Ͻ0.02; and 3 days, Ͻ0.166). We concluded that the intestinal villi represent a niche for bacterial replication, which is important for shedding into the intestinal lumen.
In agreement with the reported InlA dependence of enterocyte invasion (36, 39), we did not find colonization of the intestinal villi, liver, or spleen in guinea pigs inoculated with 10 8 CFU of InlA-deficient L. monocytogenes at 4, 24, and 72 h p.i. (data not shown). Interestingly, the Peyer's patches were not colonized in these animals either, suggesting that colonization of Peyer's patches does not occur from the initial inoculum or is very rare. Could wild-type L. monocytogenes infection of Peyer's patches occur via reinfection with bacteria that were shed into the intestinal lumen from the intestinal villi?
Bacterial shedding leads to reinfection of Peyer's patches. The dynamics of bacterial accumulation in Peyer's patches after inoculation with wild-type L. monocytogenes differed from that of intestinal villi (compare Fig. 6B and 8B) . Total median CFU/organ in Peyer's patches peaked at 2 days p.i. at 4.6 ϫ 10 3 , followed by a steady decline. Peyer's patch colonization never occurred in 100% of animals, and the percentage of animals with Peyer's patch infection was lower than the percentage of animals with intestinal villus infection at all time points (compare Fig. 6A and 8A) . At 4 h p.i., this difference was 1.5-fold, suggesting a lower rate of invasion of Peyer's patches in comparison to villous enterocytes. Consistent with this was the presence of fewer clones in Peyer's patches than intestinal villi throughout the course of infection (compare Fig. 6C and 8C) . At 4 h p.i., this difference was 3.2-fold. We determined the bottleneck of Peyer's patch colonization to be ϳ10 7 bacteria to get one bacterium into any lymphoid follicle in the small intestine (see Materials and Methods).
We also saw evidence of reinfection of Peyer's patches from intestinal villi. The percentage of clones present in Peyer's patches and also in intestinal villi increased from 0 to 80% between 12 and 24 h p.i. (Fig. 8D) . At this time, the initial inoculum had already been cleared from the intestinal lumen. Therefore, infection of Peyer's patches with residual clones from the initial inoculum was unlikely. We reasoned that reinfection of Peyer's patches from the intestinal villi occurred via the small intestinal wash. Indeed, we found an even stronger correlation between clones present in Peyer's patches and wash: on day 1 p.i., 100% of the clones present in Peyer's patches were also found in the wash (Fig. 8D ).
DISCUSSION
Our results are consistent with a model where L. monocytogenes passes swiftly through the gastrointestinal tract and is rapidly cleared from the stool. However, approximately 1 in 10 6 bacteria will invade intestinal villi during the first few hours after ingestion. Invasion is dependent on the activity of InlA and allows the bacteria to proliferate in a protected niche. Bacterial replication is important for shedding back into the intestinal lumen and reinfection of Peyer's patches. Bacterial shedding into the small intestinal lumen could also lead to reinfection of other intestinal villi prolonging small intestinal colonization. Bacterial spread beyond the intestine could occur either via the extracellular route or via infected leukocytes (42) (43) (44) 49) (Fig. 9) .
Lecuit et al. and others have previously shown an important role for InlA-dependent enterocyte invasion and crossing of the intestinal barrier in listeriosis (22, 30, 39) . However, how L. monocytogenes spreads from infected enterocytes to cause disseminated disease has remained unclear. L. monocytogenes is able to spread from cell-to-cell without exposure to the extracellular environ-ment (45, 48) and could potentially use this mechanism to spread from enterocytes to underlying cells in the lamina propria where capillaries and lymph vessels are located. However, the basement membrane underlying an epithelial layer provides a barrier for cell-to-cell spread in placental organ cultures (46) , and the basement membrane underlying the intestinal epithelium could act in a similar fashion. We have previously determined the bottleneck for bacterial spread from the placenta to the fetus based on placental and fetal infection during the first 3 days after intravenous inoculation and found that it is only one in 10 4 bacteria (3). Assuming that the bottleneck between placenta and fetus is largely due to the effects of the basement membrane and that the magnitude of the barrier effect is similar in intestine and placenta, then a bacterial load in the enterocytes of 10 4 CFU for 7 days would only allow 1 to 10 bacteria to spread to deeper layers of the small intestinal wall. Thus, it seems plausible to hypothesize that cell-to-cell spread from infected enterocytes directly to cells in the lamina propria is only a minor route for extra-intestinal dissemination. In contrast, the ability of L. monocytogenes to spread from cell-to-cell may be more important for prolonged enterocyte colonization (39) , which in turn can lead to shedding of L. monocytogenes into the intestinal lumen, fecal excretion, contamination of food, and transmission to other mammals. More importantly, we have shown that bacterial shedding can lead to reinfection of Peyer's patches. It is plausible to hypothesize that luminal bacteria can also reinfect other intestinal villi, as well as lamina propria leukocytes, that sample luminal contents and are able to migrate and therefore spread the infection (12, 18, 21, 42, 44) .
It has long been known that other gastrointestinal pathogens such as Salmonella and enteropathogenic Yersinia species, are taken up by M cells overlying the Peyer's patches (9, 19, 25) , and it has been hypothesized that Peyer's patches are a portal of entry that allows systemic dissemination via mesenteric lymph nodes (35) . The role of Peyer's patch colonization in the pathogenesis of listeriosis has been controversial. Several studies have shown that L. monocytogenes is able to colonize murine Peyer's patches (23, 34) . Pron et al. found that L. monocytogenes invades villous intestine and Peyer's patches with similar efficiencies but grows much more rapidly in Peyer's patches in a rat ligated ileal loop model (43) . The significance of these findings has been unresolved due to the decreased ability of L. monocytogenes to invade enterocytes in these animal species (29, 30) . Our results suggest that L. monocytogenes can colonize Peyer's patches if InlA-dependent intestinal villus colonization is established. We found that the bottleneck was approximately 1 bacterium in 10 6 and 1 bacterium in 10 7 for intestinal villi and Peyer's patch invasion, respectively. At first sight, it seems that L. monocytogenes is able to invade the villous intestinal wall more easily than the Peyer's patches. However, the surface area of the villous intestinal wall is approximately 100-to 1,000-fold larger than the surface area of the Peyer's patches (51) . Thus, taking the differences in surface areas into account, L. monocytogenes was able to invade Peyer's patches approximately 10-to 100-fold more easily than the villous small intestinal wall. If the bottleneck of invasion was overcome, then L. monocytogenes could reach the mesenteric lymph nodes, which represented another tissue barrier because only approximately 1 bacterium in 10 2 to 10 3 was able to disseminate further to liver and spleen. These findings show that the intestinal lymphatic tissues could be a portal of entry and route of dissemination for L. monocytogenes, but they also suggest that Peyer's patches and mesenteric lymph nodes represent significant bottlenecks for intestinal invasion and spread to distant organs.
The mesenteric lymph nodes contained the highest percentage of inoculated clones from any of the organs we tested (Fig. 4C) . These clones must have come from upstream tissues in the gastrointestinal tract, including Peyer's patches, intestinal villi, and wash. Indeed, ca. 80% of the clones present in mesenteric lymph nodes are also present in these upstream tissues, and only ϳ20% of the clones present in mesenteric lymph nodes were not in any of the upstream tissues on day 3 p.i. The most likely explanation for this finding is that the rates of elimination in mesenteric lymph nodes and upstream tissues differ, which resulted in clearance of these 20% of clones in upstream tissues prior to day 3 p.i. Proof of this hypothesis would be possible if we could track clones in the same animal over the entire course of infection. Unfortunately, this is not possible because the animals have to be sacrificed at each time point. Another notable point is that we dissected and analyzed all mesenteric lymph nodes, but we only took one-fourth of the small intestinal villi, the wash from this corresponding small intestinal section, and one-half of the Peyer's patches. Therefore, there may be additional clones in the upstream tissues that we did not detect, although the similar percentage of clones that were present in wash and stool ( Fig. 7B and C) suggests that the intestinal sections we used for our analysis were a good representation for the clones in the entire intestinal villi, wash, and Peyer's patches. Nevertheless, it is more likely that we erred on under detecting clones in the small intestinal tract, whereas we should have been able to detect all clones present in the mesenteric lymph nodes.
Another interesting aspect of mesenteric lymph node infection was the observation that only ϳ12% of clones were able to spread to systemic organs but that this subset of clones repeatedly infected the spleen. We estimated that at least 50 CFU/clone trafficked from the mesenteric lymph nodes to the spleen. It is unclear why a subset of clones in mesenteric lymph nodes was able to repeatedly seed the spleen. One possibility is that there are different pockets of infection in the MLN and, depending on the exact location of infectious foci, it may be more likely that infection occurs in a cell type that is able to disseminate beyond the mesenteric lymph nodes.
An alternate explanation would be that fewer than 50 CFU, maybe even as little as 1 bacterium/clone, are able to spread from the mesenteric lymph nodes to the bloodstream, where they replicate before infecting spleen and liver. We did not experimentally assess the bacterial load in the blood, because we were previously unable to detect bacteremia in nonpregnant asymptomatic guinea pigs (3) . It is more difficult to detect bacteria in the blood in comparison to other organs because only a small portion of the blood is tested compared to entire tissues and the release of bacteria in the blood is likely to be intermittent. However, based on our previously determined rate constants for bacterial replication, clearance, and efflux in the spleen, influx into the spleen from the blood (3), and our observed average CFU/clone in the spleen, we estimated an average CFU/clone in blood of Ͻ1 (estimated range, 0.003 to 0.34) at any given time, suggesting that there is no significant continuous pool of bacteria in the blood that could potentially contribute to further infection of the spleen and liver.
On the other hand, L. monocytogenes could also be eliminated in the blood due to microbicidal mechanisms directed toward extracellular and/or intracellular L. monocytogenes. We have found previously that guinea pig serum does not have a bactericidal effect on extracellular L. monocytogenes (data not shown). Furthermore, L. monocytogenes is taken up by liver, spleen, and other organs as early as 30 min after intravenous inoculation (2), and L. monocytogenes cannot be detected in the bloodstream in nonpregnant guinea pigs during the first 3 days after intravenous inoculation. We and others also have shown that L. monocytogenes traffics inside of host cells in the blood of guinea pigs (3) and mice (14) , suggesting that if L. monocytogenes is eliminated in the blood it may be due to intracellular killing in phagocytes. However, L. monocytogenes grows well in murine bone marrow-derived macrophages (41), as well as primary human peripheral blood monocytes (data not shown). Taken together, these published and unpublished observations suggest that microbicidal mechanisms in the blood toward L. monocytogenes are negligible.
We have shown that L. monocytogenes can disseminate from the intestine to the liver via a previously unreported direct pathway from the intestine. There is evidence that Salmonella enterica serovar Typhimurium and Y. pseudotuberculosis translocate from the intestine to distant organs via lymphatic tissue-independent routes as well (4, 49) . Barnes et al. used a combination of genetically altered mice and signature-tagged Y. pseudotuberculosis clones to show that dissemination to the liver occurs via at least two pathways, one of which is independent of Peyer's patches and the mesenteric lymph nodes. However, the relative contribution of each pathway for spread to distant organs has been unknown. Based on our extensive quantitative data analysis and mathematical modeling, we demonstrated here that the direct pathway contributes substantially more to the bacterial load in the liver than the indirect pathway during listeriosis. It seems likely that L. monocytogenes and other gastrointestinal pathogens are exploiting the portal vein, which carries nutrient rich blood from the intestine to the liver. We and others have previously shown that L. monocytogenes traffics inside of cells to the placenta and brain after infection of the liver and spleen has been established by intravenous inoculation (3, 14) . It is plausible to hypothesize that L. monocytogenes exploits host cells for dissemination from the intestine to the liver as well. Consistent with this model is a previous report that S. Typhimurium disseminates via CD18-expressing phagocytes from the intestine to the liver (49) . These phagocytes could aid in the dissemination of L. monocytogenes as well.
We have found previously that the net bacterial change over time due to replication, clearance, and efflux in the liver is negative (3). Therefore, any increase in the bacterial load in the liver must be due to influx. During pregnancy the infected placenta provides a niche for bacterial replication and continuous bacterial seeding of the liver (3) . Here, we demonstrated that intestinal villi could provide a niche for bacterial replication and subsequent traffic to the liver as well. Consistent with our findings is evidence that Y. pseudotuberculosis disseminates from a replicating pool in the intestine, and oral administration of streptomycin decreased liver colonization in a murine model of yersiniosis (4) . This could ei-ther be due to the elimination of replicating bacteria in the intestinal lumen or of bacteria that have been shed from intestinal villi back into the lumen. Our results are consistent with the latter possibility. It is important to note that Y. pseudotuberculosis and S. Typhimurium invade enterocytes as well (M. R. Amieva, unpublished data) (15) , and more recently it has been shown that epithelial cells that are heavily infected with Salmonella enterica are extruded from an epithelial monolayer (26) . Thus, intestinal villi could provide a replicative niche for gastrointestinal pathogens in general, from where pathogens are shed into the lumen and then spread to distant organs.
Why are there differences in bacterial growth in different organs? Lionakis et al. found that organ-specific innate immune responses correlated with the load of the fungal pathogen Candida in liver and kidney (32) . An early neutrophil presence is critical for Candida control, and significantly more neutrophils accumulate in the liver, which is able to decrease the fungal burden, than in the kidney, where Candida is able to grow. Another possibility is that host cell-specific differences in intracellular replication and elimination influence the bacterial burden in specific organs (50, 53) .
Cytological studies would have added an important dimension to our experiments. However, microscopic examination of the small intestine is usually done in a ligated ileal loop system. Such a system allows instillation of high bacterial numbers directly into a section of the intestine that is only a few centimeters long, e.g., 2 ϫ 10 7 CFU (39) or 10 9 CFU (43) per 5-cm ligated ileal loop. Such high bacterial numbers per surface area in a defined section of the intestine are necessary to visualize bacteria in sufficient numbers. In the present study we inoculated guinea pigs with 10 8 CFU, and the approximate average length of their small intestines is ϳ120 cm. Therefore, the CFU/cm of small intestine in our study is significantly lower and distributed over a much larger area than in the ligated ileal loop model, making it extremely unlikely to find bacteria microscopically in our system. Even after the inoculation of guinea pigs with a 1,000-fold-higher dose, 10 11 L. monocytogenes via the oral route (data not shown), we were unable to detect sufficient numbers of bacteria in the small intestine via microscopy, making cytological studies in this system very difficult if not impossible.
We found that liver colonization occurred in some animals as early as 4 h p.i. To our knowledge, this is the first study that found infection of the liver within the first few hours of oral inoculation in an animal model that is susceptible to InlA-mediated invasion and therefore relevant to human listeriosis. Early liver colonization has been reported after intragastric inoculation of Salmonella spp. (49) and Y. pseudotuberculosis (4) in mice but is controversial in mice inoculated with L. monocytogenes. For example, liver infection with Ͻ10 CFU has been reported after intragastric inoculation of C57BL/6 mice with 10 7 and 10 10 CFU at 4 and 12 h p.i., respectively (11, 52) . However, some of these mice succumbed to the infection (11, 52) . In contrast, Marco et al. inoculated outbred mice with 1.3 ϫ 10 9 L. monocytogenes; none of these animals developed infection of the liver or spleen at 6, 12, or 24 h p.i., and none died (34) . Similarly, the guinea pigs in our study were outbred, and none of the animals died.
We did not find evidence of further dissemination from the liver to spleen, suggesting that the liver was effective in preventing further systemic hematogenous dissemination under the conditions we used for infection in this study. The bacterial burden in the liver between 1 and 7 days p.i. was only ϳ10 2 . It is likely that the bacterial burden correlates with the probability of clearance in the liver, as has been suggested for S. enterica (16) . It has also been shown that the spread of S. enterica from the liver to other organs increases under conditions of immune compromise (16) . Healthy immunocompetent adults ingest 10 5 L. monocytogenes approximately four times per year (38) , but it is unknown whether L. monocytogenes disseminates to the liver during asymptomatic intestinal colonization. Our results suggest that ingestion of L. monocytogenes by healthy adults may lead to intestinal villi and liver colonization without causing any overt symptoms. However, conditions of immune compromise or pregnancy may promote further dissemination and severe infections such as meningitis and preterm labor.
